substrates. Both materials were demonstrated to be magneto-optically active, and more optically transparent at 1550nm wavelength compared with other non-garnet ferromagnetic materials.
fabrication process for garnet films on semiconductor substrates and exploring new materials which are more compatible with semiconductor substrates.
5- 8 The figure of merit (FOM), defined as Faraday rotation per unit length divided by optical absorption per unit length is a criterion for the usefulness of an MO material. MO materials other than garnets usually exhibit significantly inferior FOMs. For instance, at 1550nm wavelength YIG has a FOM larger than 100 deg/dB while γ-Fe 2 O 3 has a FOM of 0.15deg/dB. 6 Other spinels, Co-doped CeO 2 7 and Co-or Fe-doped SnO 2 8 also have FOMs much smaller than 1 deg/dB. The low FOMs of these materials are mainly due to strong material absorption in the NIR region. On the other hand, the integrated waveguide structure offers more freedom for device design than is present in bulk MO isolators. Devices such as Mach-Zehnder interferometers using the Non-Reciprocal Phase Shift (NRPS) of MO waveguides can achieve optical isolation for TM polarized light. 11 Therefore, exploring new materials in combination with new device designs is very important for integrated MO isolator fabrication.
In this study, we report the properties of two novel ferromagnetic and silicon-compatible materials Sr(Ti 0.6 Fe 0.4 )O 3 (STF) and Sr(Ti 0.7 Co 0.3 )O 3 for integrated optical isolator applications. As 2 S 3 /STF and As 2 S 3 /STC strip-loaded waveguides are fabricated by thermal evaporation and lift-off and the waveguide transmission loss is measured. The NRPS property of the As 2 S 3 /STF waveguide is simulated. Based on the experimental and simulation results, the optimum waveguide design is also discussed. hours and calcinated at 1200°C for 5 hours to form perovskite phases. The calcinated powers were pressed into 1 inch diameter pellets and sintered at 1300°C for 5 hours to form the targets. The film deposition was carried out under a chamber pressure of 2.0×10 -6 to 3.0×10 -6 torr for STF and STC film respectively. The laser energy, fluence and repetition rate were set at 550 mJ/pulse, 2.5 J/cm 2 and 10Hz respectively. During the deposition, the LAO and LSAT substrates were kept at 700°C and the Si substrate was kept at 800°C to allow epitaxial growth.
MAGNETOOPTICAL FILM DEPOSITION AND WAVEGUIDE FABRICATION

MO film deposition
Waveguide fabrication
To eliminate scattering loss from substrate twin defects which are observed in LAO substrates, films grown on twin-free LSAT substrates were chosen for waveguide fabrication. A photoresist pattern with 2 μm to 8 μm waveguide structures were firstly formed on the MO film samples by photolithography. As 2 S 3 glass films were then thermally evaporated on the samples which were kept at room temperature. A lift-off process was then carried out to form a strip-loaded waveguide structure with As 2 S 3 channels on STF/STC films. After this step, a second layer of As 2 S 3 film was deposited on the samples to form a ridge waveguide structure. SU-8 photoresist (n=1.58, MicroChem) was spin-coated onto the strip-loaded waveguides and exposed under room light for 10 min to form a top cladding layer with 2.5 μm thickness.
Details about the glass deposition and lift-off process may be found in Refs. 9 and 10. The LSAT substrates were then cleaved perpendicular to the waveguide direction to form facets for transmission spectrum characterization.
MAGNETOOPTICAL FILM AND WAVEGUIDE CHARACTERIZATION
Phase identification of the MO films was carried out by one dimensional X-ray diffraction (1DXRD, Rigaku RU300). To evaluate the film texture and epitaxial relationship with the substrate, two-dimensional X-ray diffraction (2DXRD, Bruker D8 with General Area Detector Diffraction System (GADDS)) and cross-sectional HRTEM characterization were also used. The film roughness (RMS) and magnetic domain structure were characterized by atomic force microscopy (AFM) and magnetic force microscopy (MFM) respectively on a Digital Instruments Nanoscope IIIa Atomic Force
Microscope. The magnetic hysteresis of the films were measured by vibrating sample magnetometry (VSM) on an ADE Technologies VSM Model 1660. Room temperature Faraday rotation hysteresis of the films was characterized at 1550nm
wavelength on a custom-built apparatus with the laser beam propagating perpendicular to the film normal direction.
Optical constants of the films were characterized from 400nm to 1700nm wavelengths for both films on a WVASE32
ellipsometer. General oscillator models were applied to fit the optical constants, and the fitting root mean square error Transform (FFT) pattern for the STF film and the interface diffraction pattern for the STC film respectively. Both films show coherent interfaces with the substrates and no secondary phases can be observed. The surface RMS roughness of the films was characterized by AFM. By averaging more than three 5μm by 5μm area scans at different regions, the RMS roughness of both films was estimated to be less than 3nm. These results indicate that epitaxial STF and STC films are single phase and structurally uniform. To explore the possibility for silicon integration, we also deposited STF film on Si (001) substrates with YSZ (yttrium stabilized zirconia)/CeO 2 double buffer layers. The YSZ(100nm)/CeO 2 (150nm) buffer layers were firstly grown by PLD on Si(001), then the STF film with 220nm thickness was in-situ deposited on the buffer layers. Epitaxial growth of all three layers can be demonstrated by 1D and 2D XRD spectra as shown in figure 2. Both YSZ and CeO 2 layers show "cube-on-cube" orientation with respect to the Si substrate, while the STF film shows a 45° in-plane rotation of the lattice with respect to CeO 2 to allow a better lattice match. 14 The RMS roughness of this sample is also below 3nm as measured by AFM. -. oxygen vacancies which may be beneficial to ferromagnetic properties. It should be noted that this magnetic behavior of both films were observed in more than 10 samples fabricated under similar conditions. To demonstrate the magnetic structure of the film, we also carried out MFM measurement on the STF sample. Figure 3 (c) shows the MFM image of a 5 μm by 5 μm area for the STF film after out-of-plane AC demagnetization. Clear magnetic domains can be observed in the film, which indicates the intrinsic ferromagnetic behavior from the crystal lattice rather than any secondary phases or clusters. The relatively low optical absorption of both films in the near infrared range can be understood from defect chemistry.
Free carrier absorption is believed to be the main absorption mechanism in SrTiO 3 films deposited in vacuum or STF/STC films deposited in oxygen atmosphere. 15 
Strip-loaded waveguide fabrication and Non-Reciprocal Phase Shift (NRPS) waveguide design
As 2 S 3 /STF and As 2 S 3 /STC strip-loaded waveguides with waveguide width ranging from 2 μm to 8 μm were fabricated on LSAT substrates. Figure 5 shows the cross-section SEM image of a 4 μm wide As 2 S 3 /STF strip-loaded waveguide. The waveguide consists of a LSAT substrate, 100 nm STF film, an As 2 S 3 layer with 500nm thick slab and 400nm thick rib layers, and a 2.5 μm thick SU-8 top-cladding layer. The interface between the As 2 S 3 and STF film maintained its integrity during processing. The As 2 S 3 rib shows slanted edges and round corners due to the lift-off process. 9, 10 The sidewall angle measured from the SEM image is 55°~60°, which is slightly smaller than that of ChG waveguides fabricated on silicon substrates by lift-off processing. Waveguide on a bare LSAT substrate -o transmission loss of As 2 S 3 ridge waveguides, with similar dimensions but without the STF, on LSAT substrates were characterized, and the coupling loss and transmission loss of the As 2 S 3 waveguide were estimated from these measurements. Using the measured total transmission loss of the strip-loaded waveguide and simulated confinement factor of the STF film layer, the optical absorption coefficient of the STF film can be estimated. regions in the waveguide. To calculate the NRPS in our strip-loaded waveguide, the TM mode profile is firstly simulated by FIMMWAVE software using a wave matching method (WMM). 19 From the mode profile the NRPS can be calculated using equation (1) . The insertion loss of the waveguide can be also simulated by considering the confinement factor and optical absorption in the STF layer. The results are shown in figure 6 (a), (b) and (c). Firstly we note that for a MZ interferometer isolator using NRPS, °± 90 NRPS has to be achieved in its either arm. The result in fig. 6(a) indicates that isolator device within millimeter to low centimeter scales can be fabricated based on most of the proposed WG structures. Secondly, in figure 6(a) and (b) the NRPS and insertion loss of the waveguides both decrease with increasing ChG layer thickness. This can be easily understood because the confinement factor in the magneto-optical film decreases with increasing ChG layer thickness. For the same reason, the NRPS and insertion loss also decrease with increasing refractive index of the ChG layer. However in figure 6(c) , the figure of merit (FOM, defined as NRPS divided by insertion loss) shows a maximum value for a ChG layer thickness of 1.2 μm. This is due to the design trade-off between maximizing the mode asymmetry (NRPS) and minimizing the optical confinement factor (absorption loss) in the STF layer. Meanwhile, waveguides with an As 2 Se 3 top layer show the highest FOM in all waveguide dimensions. This result can be interpreted as due to the y x H ∂ term in equation (1) . Higher index contrast between the top and bottom cladding yields higher field gradient and NRPS in the STF layer, therefore the FOM is also enhanced. Experimental characterization of the NRPS in these waveguides is currently under investigation. From the waveguide characterization and simulation results above, we can conclude that the high index of ChG glass is beneficial to the performance of magneto-optical waveguides, and the lift-off method allows non-composition-specific rapid prototyping and prevents etching-induced waveguide sidewall roughness. These analyses indicate that high index ChG is an ideal material for magneto-optical waveguide fabrication. However the FOM of current strip-loaded waveguides is still too low for optical isolator fabrication. Improvement of the FOM may be achieved by either decreasing the Fe 2+ , Fe 4+ or Co 2+ concentration in the STF or STC films to decrease the optical absorption, or doping Ce 3+ or Bi 3+ into the STF or STC lattice to enhance the magneto-optical properties, as is done in garnets. These results suggest that by incorporating magneto-optical materials into chalcogenide glass-based strip-loaded waveguides, silicon-compatible magneto-optical isolators can be fabricated.
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